We have previously described a disorder, normotriglyceridemic abetalipoproteinemia, that is characterized by the virtual absence of plasma low density lipoproteins and complete absence of apoB-100, but with apparently normal secretion of triglyceride-rich lipoproteins containing apoB48. The patient's plasma lipoproteins were shown on polyacrylamide gels and by antibody mapping to have a new truncated apoB variant, apoB-50, circulating along with her apoB-48. We have found this individual to be homozygous for a single C-to-T nucleotide substitution at apoB codon 2252, which produces a premature in-frame stop codon. Thus, this is a rare example of homozygous hypobetalipoproteinemia. Electron photomicrographs revealed that the diameters of particles in the d < 1.006 g/ml lipoprotein fraction, in both the postprandial and postabsorptive state, are bimodally distributed. The molar ratio of apoE to apoB in these particles is 3.5:1, similar to normal VLDL. The plasma LDL interval contains both spherical and cuboidal particles. Autologous reinfusion of labeled d < 1.006 g/ml lipoproteins showed exponential disappearance from plasma, with an apparent halfremoval time of 50 min, somewhat slower than for normal chylomicrons but within the normal range for VLDL. The calculated production rate for apo B was within the normal range in this subject. A very small amount of label was found briefly in the IDL fraction, but none at any time in LDL or HDL. Therefore, because LDL particles that contain apoB-50 lack the putative ligand domain of the LDL receptor, we conclude that the very low level of LDL is due to the rapid removal of the abnormal VLDL particles before their conversion to LDL can take place. (J. Clin. Invest. 1991. 88:1722-1729
Introduction
Chylomicrons, VLDL, LDL, and Lp(a), from human plasma, each contain a high-molecular weight protein component termed apolipoprotein B (apoB). ApoB is an essential structural component ofthese lipoprotein particles and plays a vital role in the receptor-mediated endocytosis of LDL. ApoB normally exists in two forms designated apoB-48 and apoB-100 (1) . In humans, the larger, and normally most abundant form of apoB (apoB-100; apparent molecular mass, 549 kD), is found principally, if not exclusively, on the lipoproteins of hepatic origin such as VLDL and LDL, and is associated with the transport of endogenous lipids (2) . The other, apoB-48 (apparent molecular mass, 264 kD), is found on the lipoproteins of intestinal origin, the chylomicrons, and is associated with the transport of dietary or exogenous lipids (2) . In both liver and intestine, newly synthesized apoB is secreted as a component of triglyceride-rich lipoprotein particles; apoB-48 on chylomicrons from the intestine and apoB-100 on VLDL from the liver. LDL are then formed in a series of metabolic steps from some of the triglyceride-rich apoB-100 particles, but not from apoB-48 particles (2) . This pattern is also observed in other animal species, although in rats and mice, apoB-48 is secreted by both intestine and liver.
Recently, it has been shown, from cDNA sequencing, that apoB-100 is composed of a single polypeptide chain 4536 amino acid residues in length (3, 4) . Furthermore, apoB-48 arises from the apoB-100 gene as the result of a single nucleotide base substitution in intestinal messenger RNA, resulting in the conversion of a Gln codon (CAA) to a stop codon (TAA) at a point corresponding to amino acid residue 2153 in the apoB sequence (5-7). Thus, apoB-48 is coded by the apoB-100 gene and represents the amino terminal 2152 amino acid residues of the apoB-100 sequence. Previously, we have described a patient (A.F.) with a metabolic disorder that we termed normotriglyceridemic abetalipoproteinemia (8) . Other, similar cases have been reported since (9) (10) (11) . The disorder is characterized by the absence of LDLs and apoB-100 in plasma, with apparently normal secretion of triglyceride-rich lipoproteins containing apoB-48. We subsequently observed that antibodies to the apparent apoB-48 protein from the patient reacted with some determinants in peptides from normal apoB-100 which are not identified by antibodies raised to apoB-48 from normal individuals. This suggested that in the patient's plasma there might be a truncated form of apoB-100 slightly longer than the normal apoB-48 chain. Analysis ofthe protein by an electrophoretic gel technique of high resolution then revealed a finely spaced doublet. Several truncations of apoB-100 have now been described in patients with familial hypobetalipoproteinemia (12, 13) , all due to mutations producing inappropriate stop codons. We have found a unique mutation in the genomic DNA from our patient, which results in production ofan apoB-50 protein. We report here a characterization ofthe lipoprotein particles which bear the abnormal protein and an analysis of their metabolic behavior. This is the first report of homozygous hypobetalipoproteinemia diagnosed at the genomic level.
Methods g/ml) and HDL (1.063 < d < 1.21 g/ml) were prepared by sequential ultracentrifugation (14) from the plasma of a patient (A.F.) with normotriglyceridemic abetalipoproteinemia. To prevent microbial or oxidative degradation of the lipoproteins, we combined the plasma samples with gentamicin sulfate (0.1 mg/ml), sodium azide (0.05%), and EDTA (0.05%, pH 7.0) immediately after they were obtained (15) (16) (17) . The three preservatives were present in all solutions that came in contact with the intact lipoproteins. To study the changes induced by fat absorption, lipoproteins were also isolated from plasma obtained 2.5 h after the patient ingested a liquid meal containing 100 g ofolive oil. Her plasma triglyceride level was 160 mg/dl at that time.
Studies ofreinfusion kinetics. Triglyceride-rich lipoprotein particles were isolated from the patient's plasma and labeled as described previously (18) . Briefly, triglyceride-rich lipoprotein particles were obtained by ultracentrifugation at d = 1.006 g/ml. The particles were labeled with 125I by the iodine monochloride method (19) and were then incubated with the patient's own plasma to reduce the amount of labeled proteins other than apoB by exchange with HDL. The triglyceride-rich particles were then reisolated by ultracentrifugation. All procedures were performed under sterile conditions. Before reinfusion, endotoxins were not detectable by Limulus and by pyrogenicity assays (18) . No bacteria were recovered in a culture of the lipoprotein preparation. It was not possible to separate the apoB-50 and apoB-48-containing particles before injection. By inspection of SDS-PAGE gels, at least threequarters ofthe injected apoB was the apoB-50 protein. After reinfusion of the labeled particles, samples of plasma were obtained from the patient at baseline and at intervals up to 180 min, and were immediately subjected to sequential ultracentrifugation to separate the lipoproteins into d < 1.006, d = 1.006-1.019, and d> 1.019 g/ml fractions. For quantitation of the labeled apolipoproteins the lipoprotein samples were subjected to analytical SDS-PAGE. After fixation and staining the gels were sliced, and the radioactivity ofthe B-48-50 zone was detected using a gamma spectrometer as described previously ( 18) .
Measurement of lipoprotein particle diameters. Lipoprotein particle diameters were measured from electron photomicrographs using computer-based digitization of 400 individual free-standing particles (20) .
Apolipoprotein assays. ApoB, Lp(a), and apoE levels were determined on plasma and lipoprotein fractions. The apoB was measured by a modified competitive ELISA assay (21, 22 ) using a goat anti-human apoB polyclonal antibody that had been covalently cross-linked to horseradish peroxidase (23) . A monoclonal antibody-based ELISA assay (24) , specific for Lp(a), was used to measure the plasma level of Lp(a). A radioimmunoassay was used to measure apoE (25) .
Purification of B apolipoproteins. Species of apoB were isolated from the triglyceride-rich lipoproteins as described previously using column chromatography followed by preparative SDS-PAGE (26) . On preparative SDS-PAGE, a single peak with electrophoretic mobility corresponding to apoB-48 was obtained from the patient. ApoB-48 and apoB-100 were obtained from the triglyceride-rich lipoproteins from subjects with mixed hyperlipemia. The purified apoB proteins were then compared by analytical SDS-PAGE using 4.5-20% linear gradient slab gels as described previously (26) .
Peptide mapping ofpurified B-proteins. ApoB-48, apoB-100, and the patient's apoB were each subjected to limited proteolytic digestion with elastase in the presence of SDS. Peptides from the resulting digests were analyzed by SDS-PAGE using 4.5-20% linear gradient slab gels (26) . Peptide patterns were revealed by silver stain (27) , and by immunoblotting (28) using rabbit antisera against synthetic peptides corresponding to three specific regions of apoB. Antiserum against residues 2129-2144 was kindly provided by Andrew A. Protter (California Biotechnology, Inc., Mountain View, CA). Antisera against residues 2236-2253 and 2272-2292 were kindly provided by Stephen G. Young (30) , and the number of 15-bp AT-rich tandem repeats in the 3' hypervariable region (HVR) (33) The PCR products were electrophoresed on agarose gels, after digestion with the appropriate enzyme, in the case of the RFLPs. The number ofrepeats in the HVR was calculated from the size, which was determined by comparison with standard DNA fragments.
M,3 cloning and sequencing. Amplified DNA was digested with restriction endonucleases Pst I and Hind III. A resulting 407-bp fragment was recovered from a 0.7% low melting agarose gel. This material (60 ng) was ligated to 20 ng of Pst I and Hind III digested M13mpl8 and MI3mpl9. A portion ofthe ligation mix was used to transform competent E. coli DH5aF'. Single-stranded M13 DNA was prepared from plaques and sequencing reactions were carried out with Klenow polymerase and [35S]dATP using the dideoxy chain termination procedure (34) .
FOK I digestion. Portions (240 ng) of control and patient PCR products that had been digested overnight with the restriction endonuclease Fok I were electrophoresed on a 1.5% agarose slab gel and visualized directly with ethidium bromide.
Results
Peptide mapping of the patient's apoB. Initially, the patient's apoB was compared to normal apoB-48 by analytical SDS-PAGE ( Fig. 1 A) . Two components were resolved: one that appears to correspond to normal apoB-48 and one that is slightly larger. The larger component was not found in normal subjects, suggesting that it is an abnormal truncated form of apoB similar to those that are responsible for hypobetalipoproteinemia (12, 13) . The two components could not be separated by preparative SDS-PAGE and it was therefore necessary to perform subsequent protein analysis without further separation. Table I .
The patient's apoB was nextchars ping as described previously (26) (Fig. 3) that includes the -100, and the patient's apoB codons for amino acid residues 2238-2272 was amplified using 'roteins were subjected to the PCR followed by M13 cloning and sequencing. Consistent se and the resulting peptides with the expected homozygous mutation, all of the patient's r-stained gel; (B and C) imwr ocnanasnl a against amino acid residues MO3 clones that were sequenced were found to contain a single r; (D) diagram showing the base substitution of a thymine for the normal cytosine at apoB apoB-48 and apoB-100 (solid cDNA nucleotide 6963 (35) (Fig. 4) . This (Fig.  3 ). This confirms that the Fok I site is absent from both of the patient's apoB alleles and that she is homozygous for the C-to-T mutation, which introduces the premature stop codon. When the patient's apoB 3' HVR was amplified only a single band, consistent with 36 tandem repeats, was seen. Using the convention that 2 denotes the presence, and 1 the absence, ofa restriction site, the patient had the following RFLP pattern: Xba I (1/1), Mae 1 (2/2), Msp 1 (2/2) and Eco RI (2/2). Particle diameters and content ofapoB and apoE in circulating lipoproteins. The distribution of particle diameters in photomicrographs of lipoproteins in ultracentrifugal fractions from the patient's plasma are shown in Fig. 6 . Particles in the d < 1.006 g/ml fraction of plasma in the postprandial and postabsorptive state are spherical. In both cases the diameters are distributed in a bimodal fashion with concentrations at -300 and 370 A. There is a small increase in the mean diameter ofthe particles in the postprandial state. Particles in the IDL fraction are also spherical, and are distributed in a unimodal fashion around a mean of267 (±37) A. The LDL ultracentrifugal interval appears to contain both spherical and cuboidal particles, with a mean of 207 (±44) A.
The contents of apoB and apoE in four ultracentrifugal fractions of plasma lipoproteins are presented in Table I . The molar ratio of apoE to apoB in the d < 1.006 g/ml fractions is 3.5: 1, similar to normal VLDL (Havel, R. J., personal communication). That in the IDL fraction is 1.3: 1. In the LDL interval the ratio is 1.8: 1. However, the appearance of cuboidal particles (Fig. 6 D) , similar to those seen in abetalipoproteinemia, suggests that two populations of particles may coexist in this fraction, one containing apoB-50 and the other a triglyceriderich particle derived from HDL. The distribution of apoB-50 and apoB-48 among the fractions is shown in Fig. 1 B. The abnormal form ofapoB is seen in each ofthe four ultracentrifugal fractions. Trace amounts of apoB-48 can be seen in the LDL and HDL fractions.
Concentration ofplasma Lp(a). Total plasma Lp(a) was 0.1 mg/dl as determined by ELISA.
Reinfusion kinetics. The content of labeled apoB, preponderantly apoB-50, in the d < 1.006 g/ml lipoprotein fraction and in IDL at intervals after autologous reinfusion of labeled d < 1.006 g/ml lipoproteins is shown in Fig. 7 . On the day of this study, before the reinfusion, the patient's plasma total tri- nucleotide at position 6963 is marked by an asterisk and is present in all seven clones, indicating that the patient is homozygous for the mutation. An additional three clones were examined to determine the sequence ofthe noncoding strand in the patient's DNA. All of these showed a G-to-A substitution at nucleotide 6963. Figure 5 . Negative image of an ethidium bromide stained agarose gel of amplified DNA from the patient and a control subject. The DNA had been previously digested with the restriction enzyme Fok I. The loss ofthe second Fok I site in the patient's DNA, due to the single base C-to-T substitution in the apoB codon 2252, can be seen. That the patient is homozygous for the mutation, which introduces an in frame stop codon and results in the hepatic production of apoB-50, is also evident.
glyceride level in plasma was 32 mg/dl and total cholesterol was 35 mg/dl. Based on a plasma volume of 3.27 liters calculated from her body weight and hematocrit, 98.5% of injected label was accounted for in plasma, 1 min after injection. The disappearance ofthe label appeared to be exponential with an apparent half-removal time of 50 min. Label appeared only briefly, at low levels, in the IDL fraction and none was detectable in that fraction after 5 min. No significant counts were detected at any time interval at densities > 1.019 g/ml.
Discussion
Normotriglyceridemic abetalipoproteinemia is characterized by a virtual absence of LDL and associated apoB-I00 in plasma. Unlike classical abetalipoproteinemia fat absorption is normal and triglyceride-rich lipoproteins are present in the plasma. Originally, these triglyceride-rich lipoproteins were thought to contain apoB-48 as the sole apoB species (8) . How- ever, in the present study we have shown that another apoB species, slightly larger than apoB-48 on SDS-PAGE (270-280 kD vs. 264 kD for apoB-48) is present, as well as authentic apoB-48. The truncated variant, apoB-50, was shown, using protease digestion and immunoblotting with antisera to synthetic apoB peptides, to terminate between amino acid residues 2238 and 2272. Judging from the complete absence of apoB-100, coupled with the presence of apoB-50, it appears likely that normotriglyceridemic abetalipoproteinemia in the patient A.F. is a homozygous form of familial hypobetalipoproteinemia resulting from a truncation of apoB-I00. Consistent with this hypothesis, a single base substitution at apoB cDNA nucleotide 6963 of a T for a C, converting the codon for residue 2252 to a premature termination codon, was detected in all 10 M13 clones that were sequenced. Gel electrophoresis of Fok I digested apoB DNA confirmed the base substitution, which results in the loss of a site for this restriction enzyme. This procedure also confirmed that the patient was homozygous for the mutation. It was found that the patient was also homozygous for the number oftandem repeats in the apoB 3' HVR and all four apoB RFLPs analyzed. Hence, it is unlikely that the mutation occurred twice and it is likely that the homozygosity was due to a consanguineous mating. Because there were no other family members available for study we have not been able to look at the effects of the mutation in the heterozygous state. Previous observations with this patient indicate that intestinal absorption of dietary fat is normal and that triglyceriderich lipoproteins containing apoB-48 are present in the plasma (8) . Thus, it would appear that the synthesis ofapoB-48 and the secretion of chylomicrons by the intestine are unaffected. The presence of apoB-48 along with apoB-50 is to be expected because the mutation leading to the production of apoB-50 is located downstream from the normal termination site for apoB-48. Moreover, the patient's genomic DNA sequence is normal in the vicinity of nucleotide 6666, which upon editing in the mRNA leads to the production ofapoB-48 (5, 6) . Consequently, it would appear likely that apoB-50 is synthesized exclusively by the liver in place of the normal apoB-100.
The truncated apoB-50 variant is one of a number that have been reported. All are due to mutations in the apoB gene. These include single nucleotide substitutions (36, 37) or deletions (38) (39) (40) (41) (42) (43) , and deletion of2 (40),4 (44), and 37 nucleotides (45) . No variants smaller than apoB-31 have as yet been detected in plasma even though DNA mutations that predict shorter variants have been discovered (38, 46) . This may be because these shorter peptides are not secreted, or likely, because they can be readily expressed and secreted by cultured hepatoma cells (47) , they may be cleared very rapidly from the circulation. The longest truncated apoB species reported are apoB-86 (42), apoB-87 (43) , and apoB-90 (48) . ApoB-90, like normal apoB-100 is present in VLDL and LDL (48) . The variants between apoB-31 and apoB-50, including the normal apoB-48 are found in VLDL or HDL, but only at very low levels in LDL. This information points to a domain or domains in the COOH-terminal 50% of apoB-100 that may be essential for the formation of stable particles in the LDL density range. The recently reported truncated species, apoB-54.8 (37), apoB-61 (45), and apoB-67 (41), will no doubt shed further light on the process of LDL formation.
The present case is the first reported for a homozygous mutation resulting in a truncated apoB and this case of normotriglyceridemic abetalipoproteinemia is a rare example of homozygous hypobetalipoproteinemia. It is interesting that many of the probands in the other reported cases of hypobetalipoproteinemia involving the truncation of apoB have some associated defect that contributes to their low plasma apoB levels. That is, these individuals appear to be compound heterozygotes, with separate mutations leading either to low levels of apoB-100 together with a truncated apoB variant (45) or in two cases (40, 42) two different truncated species ofapoB. Whereas individuals with two null apoB alleles are clinically very similar to patients with abetalipoproteinemia, those with one null allele and one producing a truncated apoB or those with two alleles both producing truncated apoB species display a range ofclinical features. Those with one allele producing a truncated apoB together with a normal allele often have plasma cholesterol and apoB levels close to or within the normal range. It is therefore likely that many more individuals with truncated apoB species who are not compound heterozygotes or homozygotes are present in the general population than is indicated by the frequency of clinically recognized hypobetalipoproteinemia. Hypobetalipoproteinemia is probably caused by a family of heterogeneous mutations, such as defects in promoters and splice sites in addition to truncations due to premature stop codons.
The preponderance of apoB-50 in the patient's d < 1.006 g/ml lipoproteins suggests that, as with normal individuals, most ofthese lipoproteins are ofhepatic origin. The half-life for removal of 50 min (somewhat slower than that observed for chylomicrons [ 18] ) is within the range observed for VLDL, in normal humans, at her triglyceride pool size, allowing for the fact that somewhat less than one-quarter of the apoB protein present in the infused lipoproteins was apoB-48. The observation that the half-removal time for the patient's VLDL is within the normal range suggests that the secretion rate of VLDL is not markedly decreased, at least with this particular mutation. If the steady-state assumption is made and the contribution of B-48 to the total apo B detected immunochemically in plasma is arbitrarily set at one-quarter, which is a maximum based on SDS gel electrophoresis, an approximate production rate for the mutant apo B-50 can be calculated. The value obtained, 575 mg/d would correspond to -1.1 g/d of apoB-100. This value too is within the normal range. The prominence of apoB-50 containing particles even during fat absorption may be a reflection of rapid uptake of chylomicrons by liver with increased secretion ofthe abnormal VLDL. The very low levels ofapoB-50-containing LDL observed in the patient's plasma and the observation that virtually no label is found in the LDL interval after reinfusion of radiolabeled d < 1.006 g/ml lipoprotein suggest that either very little of the abnormal VLDL is processed to LDL or that the lipoproteins formed are removed at a very rapid rate. The absence ofthe putative LDLreceptor ligand domain from the LDL particles containing the apoB-50 protein would be expected to decrease substantially their removal by the LDL receptor and cause their accumulation in plasma (12) . Thus, the low levels of LDL present most likely reflect removal of apoB-50 VLDL particles before they can be converted to LDL. The observation that very little label is present in IDL after reinfusion is consistent with this hypothesis. Our finding ofsubstantial amounts ofapoE in the triglyceride-rich particles suggests that the abnormal VLDL may be removed by receptor-mediated endocytosis in which apoE serves as the ligand, such as that involved in the normal hepatic removal ofchylomicron remnants. The clearance ofabnormal particles by Kupffer cells and macrophages, however, could lead to a similar lipoprotein pattern.
Previously (8) it was shown that the patient's serum produced a precipitin arc with antiserum to Lp(a). Using a monoclonal antibody-based ELISA assay specific for Lp(a) we have confirmed the presence in her serum of the Lp(a) antigen, apo(a), although the level measured was low (0.1 mg/dl). The attachment site ofapo(a) to apoB-I00 in Lp(a) is thought to be via an unpaired cysteine residue in one ofthe kringle-4 repeats of apo(a) and a cysteine residue in apoB-100 (49) . Because this Molecular Basisfor Normotriglyceridemic Abetalipoproteinemia 1727 0 residue in apoB-100 has been shown to be in the COOH-terminal region of the protein (Hardman, D. A., and J. P. Kane, unpublished results), which is missing in the patient's apoB (both in her apoB48 and apoB-50), the apo(a) detected in the patient's serum by this assay probably represents free material unbound to apoB. However, it should be noted that it has recently been postulated that a part of Lp(a) may be a complex of apo(a) and apoB bound by noncovalent hydrophobic interactions (50) .
